Phreatobacter stygius sp. nov., isolated from pieces of wood in a lava cave and emended description of the genus Phreatobacter Abstract An aerobic, Gram-negative, catalase-positive, oxidase-positive bacterium, designated strain YC6-17 T , was isolated from pieces of wood collected at the bottom of Youngcheon Cave in Jeju, Republic of Korea. Phylogenetic analyses based on 16S rRNA gene sequences revealed that strain YC6-17 T formed a tight cluster with Phreatobacter oligotrophus DSM 25521 T (98.1 % sequence similarity) and was distinctly separate from other taxa of the order Rhizobiales. Cells were motile rods and showed growth at 10-30 C, pH 6-8 and 2 % NaCl. Colonies were smooth, circular, convex and pale yellow in colour. The predominant ubiquinone was Q-10. The predominant fatty acids were C 18 : 1 !7c, 11-methyl-C 18 : 1 !7c, summed feature 3 and C 16 : 0 . The polar lipids were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, two glycolipids and a lipid. The DNA G+C content was 64.4 mol%. DNA-DNA relatedness between strain YC6-17 T and the closest relative was 15.6 ±7.9 %. Based on combined data from phenotypic characterization and DNA-DNA hybridization as well as phylogenetic analysis, it was suggested that the isolate represents a novel species of the genus Phreatobacter, for which the name Phreatobacter stygius sp. nov. is proposed. The type strain is strain
The genus Phreatobacter was recently proposed by Tóth et al. [1] and contains the only and type species Phreatobacter oligotrophus, which belongs to the class Alphaproteobacteria. The genus is chemotaxonomically characterized by the possession of meso-diaminopimelic acid in the cell-wall peptidoglycan, Q-10 as the major respiratory lipoiquinone, C 18 : 1 !7c and 11-methyl-C 18 : 1 !7c as the major cellular fatty acids and polar lipids including phosphatidylglycerol, diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylcholine as the main components. The type strain of P. oligotrophus was isolated from ultrapure water in a water storage tank at a Hungarian power plant and the G+C content of genomic DNA was 68.9 mol% [1] . During an investigation on microbial diversity in caves by 16S rRNA gene sequence studies, a Phreatobacter-like strain, designated YC6-17 T , was retrieved from pieces of wood collected at the bottom of Youngcheon Cave, Jeju, Republic of Korea. In this study, the taxonomic affiliation of strain YC6-17 T was examined by using a polyphasic approach and a novel species of the genus Phreatobacter is described.
Strain YC6-17 T was isolated from pieces of wood collected at the bottom of Youngcheon Cave in Jeju, Republic of Korea, which is not open to the public. Sampling was carried out 100 m from the entrance of the cave. The pieces of wood at the bottom of the cave was stored in a 50 ml sterilized Falcon tube and transferred to the laboratory in a cooled box. The temperature and pH inside the cave at sampling were 6 C and pH 7.5-8.5, respectively. The pieces of wood were crushed in a mortar with a pestle sterilized before bacterial isolation. One gram of the sample was suspended in 10 ml sterilized distilled water and mixed for 30 min using a tube rotator (ROTAMIX SLRM-1). Bacterial isolation was performed by applying the standard dilution plating method on starch-casein agar, as described by Lee and Lee [2] . Colonies were selected from plates incubated at 30 C for 2 weeks and transferred onto YMG agar (1 % malt extract, 0.4 % yeast extract, 0.4 % glucose and 1.8 % agar, pH 7.0). For phenotypic comparison and DNA-DNA hybridization experiments, P. oligotrophus DSM 25521 T was grown on R2A agar (Difco).
Growth of strain YC6-17 T on several media was examined after incubation for 7 days at 30 C on R2A agar (Difco), trypicase soy agar (TSA; Difco), nutrient agar (NA; Difco) and YMG agar. Growth was tested at 4, 10, 20, 30, 37 and 42 C on R2A agar. To determine optimum growth pH, cells were grown in R2A broth with pH 4-10 (intervals of pH 1 unit) for 3 days at 30 C. The pH of R2A broth was adjusted with citric acid/ sodium citrate, dihydrogen phosphate/sodium hydroxide and carbonate/bicarbonate buffers. NaCl tolerance (0-10 %, w/v, at increments of 1 %) was examined in R2A broth after incubation for 3 days at 30 C. Growth under anaerobic conditions was tested on R2A agar at 30 C by using a GasPak EZ Anaerobe Pouch System (BD) following the manufacturer's instructions. Oxidase and catalase activities were determined with N, N-dimethyl-p-phenylenediamine dihydrochloride and 3 % H 2 O 2 solutions, respectively [3] . Gram-staining was performed by using a Gram 2 Kit (bioM erieux) according to the manufacturer's instructions. API 50CH, API ZYM and API 20NE kits (bio-M erieux) were used for examining acid production from substrates, enzyme activities and other physiological properties according to manufacturer's instructions and at 30 C for 13 days, 37 C for 4 h and 30 C for 4 days, respectively. Anaerobic conditions for acid production were maintained by the addition of sterile mineral oils in each well at 3 day intervals. All the API systems were tested twice with independent cultures. Cell motility was checked by stab culture using R2A broth including 0.3 % (w/v) Bacto agar (Difco). Cell morphology and flagellation were observed using transmission electron microscopy, using cells grown on the semisolid agar described above for 4 days at 30 C. Cells were negatively stained with 2 % (w/v) uranium acetate and the grid, after air-drying, was observed with an electron microscope (SUPRA 55VP; Zeiss). The morphology and pigmentation of colonies were observed after growth on R2A agar for 7 days at 30 C.
The colonies of strain YC6-17 T were 1 mm in diameter, smooth, circular, convex and pale yellow in colour. The cells of the organism were rods (0.6-0.8Â1.3-2.3 µm) and motile by means of a polar flagellum ( Fig. S1 , available in the online Supplementary Material). In this study, strain YC6-17 T and P. oligotrophus DSM 25521 T were Gram-negative, strictly aerobic, catalase-and oxidase-positive, motile rods and grew at 20-30 C, pH 6-8 and 1 % (w/v) NaCl. Both strains were positive for alkaline phosphatase, esterase, esterase lipase, leucine arylamidase and naphthol-AS-BIphosphohydrolase but negative for lipase, valine arylamidase, cystine arylamidase, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, b-glucoisdase, N-acetyl-b-glucosamidase, a-mannosidase and afucosidase. They were positive or weakly positive for urease activity but negative for the remaining 18 tests in the API 20NE system. Both strains produced acid from ribose and D-lyxose (API 50CH). Other phenotypic characteristics are given in Table 1 and the species description.
Genomic DNA was isolated by using the Wizard Genomic DNA Purification Kit (Promega) following the manufacturer's instructions. PCR amplification and sequencing of the 16S rRNA gene were performed by SolGent (Deajeon, Korea), using the following primers: 27F (5¢-AGAGTTTGA TCCTGGCTCAG-3¢), 518F (5¢-CCAGCAGCCGCGGTAA TAC-3¢), 805R (5¢-GACTACCAGGGTATCTAATC-3¢) and 1492R (5¢-GGTTACCTTGTTACGACTT-3¢). The 16S rRNA gene sequence determined in this study was compared with sequences available from the GenBank database and the EzTaxon-e server (www.ezbiocloud.net/eztaxon/) [4] . Multiple alignments of the sequences were done using CLUSTAL_X [5] . Phylogenetic analysis was performed using several tree-making algorithms contained in PHYLIP software package [6] . Evolutionary distances were calculated using the model of Jukes and Cantor [7] and phylogenetic trees were were drawn using the neighbour-joining [8] , maximum-likelihood [9] and maximum-parsimony [10] methods. Bootstrap analysis [11] was based on 1000 replicates.
Phylogenetic analysis based on 16S rRNA gene sequences revealed that strain YC6-17 T formed a tight cluster with P. oligotrophus PI_21 T , with high bootstrap support (100 %) and was sharply separated from loosely related members of the order Rhizobiales (Fig. 1 ). This cluster was also found in the trees generated using both the maximum-parsimony and the maximum-likelihood methods. 16S rRNA gene sequence similarity between strain YC6-17 T and P. oligotrophus DSM 25521 T was 98.07 %; similarity to all other taxa compared in Fig. 1 was <93.14 %.
For chemotaxonomic analyses of strain YC6-17 T , cells were grown in R2A broth for 7 days at 30 C with shaking (180 r. p.m.), harvested by centrifugation and freeze-dried before use. Polar lipids and respiratory quinones were extracted according to the integrated method of Minnikin et al. [12] . Table 1 . Differential characteristics of strain YC6-17 T and the type strain of Phreatobacter oligotrophus Strains: 1, YC6-17 T ; 2, P. oligotrophus DSM 25521 T . All data were obtained from this study, unless indicated otherwise. +, Positive; À, negative; DPG, diphosphatidylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; GL, a glycolipid; PL, a phospholipid; L, a lipid. Polar lipids were separated by two-dimensional thin-layer chromatography (TLC) [13] . Respiratory quinones were analysed by reverse-phase high-performance liquid chromatography (HPLC) [14] . The cellular fatty acids of strain YC6-17 T and P. oligotrophus DSM 25521 T were extracted with cells grown on R2A agar for 7 days at 30 C. Fatty acid methyl esters were prepared and analysed according to the instructions of the Sherlock Microbial Identification System (MIDI version 6.1) with the RTSBA6 library.
Strain YC6-17 T contained Q-10 as the major respiratory quinine, with small amounts of Q-9 and Q-11 (a ratio of 93 : 2 : 5). The predominant fatty acids of strain YC6-17 T were C 18 : 1 !7c (43.26 %), 11-methyl-C 18 : 1 !7c (25.44 %), summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c; 12.31 %) and C 16 : 0 (8.01 %). In our concomitant analysis, P. oligotrophus DSM 25521 T showed a similar fatty acid profile with that previously reported [1] , with C 18 : 1 !7c and 11-methyl-C 18 : 1 !7c predominating. Strain YC6-17 T clearly differed from P.
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Sphingobacterium spiritivorum ATCC 33861 T (M58778) oligotrophus DSM 25521 T by its relative proportion of major fatty acids and by the presence of C 19 : 0 clyco !8c and C 18 : 1 2OH. The cellular fatty acid compositions of strain YC6-17 T and P. oligotrophus DSM 25521 T are given in Table 2 . The polar lipids of strain YC6-17 T were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, two glycolipids and a lipid (Fig. S2) , showing a different profile from that of P. oligotrophus DSM 25521 T in that the latter contained diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylcholine, a phospholipid and a lipid [1] .
The DNA-DNA hybridization experiment between strain YC6-17 T and P. oligotrophus DSM 25521 T was done using a photobiotin-labelled DNA probe and microdilution wells [15] . The DNA G+C content was determined by reverse phase HPLC [16] , with a deoxyribonucleoside mixture prepared from genomic DNA. DNA-DNA relatedness between strain YC6-17 T and P. oligotrophus DSM 25521 T was 15.6 ±7.9 %, which was below 70 %, the cut-off value recommended for species delineation [17] . The DNA G+C content of strain YC6-17 T was 64.4 mol%, lower than that (68.9 mol%) of P. oligotrophus DSM 25521 T [1] . Phenotypic characteristics that differentiate between strain YC6-17 T and P. oligotrophus DSM 25521 T are shown in Tables 1  and 2 . Based on the phenotypic features and the results of DNA-DNA hybridization and phylogenetic analyses, strain YC6-17 T represents a novel species of the genus Phreatobacter, for which the name Phreatobacter stygius sp. nov. is proposed.
EMENDED DESCRIPTION OF THE GENUS PHREATOBACTER TÓTH ET AL. 2014
The description of the genus Phreatobacter is as given by Tóth et al. [1] , with the following modifications. The diagnostic phospholipids are diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylcholine. The presence of phosphatidylglycerol or glycolipids is variable depending on the species. The G+C content of the DNA is 64.4-68.9 mol%.
DESCRIPTION OF PHREATOBACTER STYGIUS SP. NOV.
Phreatobacter stygius (sty¢gi.us. L. adj. stygius, of the Styx, Stygian, of the lower world, the site that the type strain was isolated).
Cells are Gram-negative, strictly aerobic, catalase-and oxidase-positive rods (0.6-0.8Â1.3-2.3 µm) and motile by means of a polar flagellum. Colonies are pale yellow-coloured, smooth, circular, convex and 1 mm in diameter after incubation for 7 days on R2A. Good or moderate growth occurs on R2A agar, NA and YMG agar. The temperature and pH ranges for growth are 10-30 C (optimum, 30 C) and pH 6-8 (optimum, pH 7), respectively. Growth occurs in the presence of 0-2 % (w/v) NaCl (optimum, 0 % NaCl). No growth occurs at 4 or 37 C and in the presence of 3 % (w/v) NaCl. Nitrate is not reduced to nitrite. Urease is positive but aesculin degradation, indole production, acid production from glucose and gelatin hydrolysis does not occur. Arginine dihydrolase, urease and b-galactosidase are absent. D-Glucose, D-arabinose, D-mannose, D-mannitol, N-acetylglucosamine, maltose, gluconate, caprate, citrate, malate, adipate and phenylacetate are not assimilated (API 20NE). Alkaline phosphatase, esterase, esterase lipase (weak), leucine arylamidase, acid phosphatase and naphthol-AS-BIphosphohydrolase (weak) are positive but lipase, valine arylamidase, cystine arylamidase, trypsin, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, b-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase are absent (API ZYM). In API 50CH strip tests, acid is produced from D-arabinose, ribose and D-lyxose but not from the other 46 substrates. The major ubiquinone is Q-10. The predominant fatty acids are C 18 : 1 !7c, 11-methyl-C 18 : 1 !7c, summed feature 3 and C 16 : 0 . The polar lipids are diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, two glycolipids and a lipid. The DNA G+C content is 64.4 mol%.
The type strain YC6-17 T (=KCTC 52518 T =DSM 103734 T ) was isolated from pieces of wood collected at the bottom of Youngcheon Cave in Jeju, Republic of Korea. 
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